Partial ionization cross section experiments have been carried out recently at the University of Innsbruck for three types of hydrocarbons, i.e. acetylene, ethylene and propene. Cross section data fits are generated and compared to the compilation of earlier experimental data summarized in the online database HYDKIN [www.hydkin.de]. New data fits are brought into a suitable form to be incorporated into the database. In order to illuminate underlying dissociation mechanisms the energy dependence of branching ratios above energies of 20 − 30eV is reviewed in light of the present results. This is a pre-peer reviewed version which has been submitted to Contributions to Plasma Physics.
I. INTRODUCTION
Since graphite is still a candidate as wall material for the high flux zones at the divertor of the fusion experiment ITER, hydrocarbon impurities will be formed due to chemical erosion [1] [2] [3] . A key ingredient for the simulation of the transport, chemistry, and radiation behaviour of these impurities are the cross sections for collision processes with electrons and protons present in the scrape-off layer (SOL) plasma [4, 5] . For that reason, the HYDKIN cross section database [6] has been set up over the last decades to cover the information on such cross sections. Much experimental cross sectional data have been compiled and a revision of many of the data used in HYDKIN has recently been carried out and presents the current state of the HYDKIN database [7] .Concerning especially (dissociative) ionization cross sections, fit curves of experimental data have been determined by making use of the following fitting expression [4, 5, 7] :
σ(E) = 10
EE th A 1 ln(E/E th ) + N j=2
where σ(E) denotes the cross section in units of cm 2 , E is the collision energy expressed in eV , and A j , j ∈ {2, . . . , N } are fitting parameters. N has been set to values such that the r.m.s. of the fit is smaller than 2 − 3%, i.e. N = 6 in most cases. The factor 10 −13 has been singled out from the fitting parameters in order to make them more handy for both the user and the used fit software. E th is the appearance potential (also expressed in eV ), depending on the considered process. In addition, cross sections have been generated for processes, for which no experimental data have been available, by making use of well-based (auxiliary) assumptions, like energy invariance of branching ratios (see Sec. III D), and certain well established cross section scaling rules [4, 5, 7] .
In 2006 and 2009, respectively, partial electron impact ionization cross section experiments have been carried out at the University of Innsbruck for three types of hydrocarbons, i.e.
acetylene [8] , ethylene [9] and propene [10] . In this work the results of these measurements are first used to generate cross section fits for the processes covered by these experiments to be subsequently compared to the compilation of experimental data available in HYDKIN for acetylene [11] , ethylene [12] and propene [13, 14] . It should be kept in mind that when the discussion appears to be about agreement of new cross section fits with the HYDKIN database, this is just short for a comparison of present experimental data to earlier experi-mental data on which the HYDKIN database is based.
After summarizing shortly the methodology of fitting the recent experimental data as well as the sources for ionization and appearance potentials in Sec. II, the new cross section fits are presented and compared to already existing cross section expressions provided by HYDKIN in the subsequent Secs. III A-III C. In Sec. III D the energy dependence of branching ratios for large energies is reviewed in light of the recent data. Finally, in Sec. IV, a conclusion is summarized.
II. METHODOLOGY
In order to generate cross section fits considering partial electron impact ionization cross sectional data, expression 1 has been used to determine the fitting coefficients A j with N = 6 in most cases. It has been shown elsewhere that cross sections given by Eq. (1) provide a proper physical energy dependence in the threshold and high energy regions with the fitting coefficients A j fulfilling certain conditions [7] . These conditions are met by the coefficients for the processes presented in Secs. III A-III C. In case of electron impact cross sections the collision energy E can be set approximately equal to the electron impact energy with high accuracy due to the small mass of the electron compared the molecular masses of the molecules in consideration. The value of E th is given by the ionization potential in case of ordinary ionization cross sections, and by the appearance potential in case of dissociative ionization processes, where the (experimental) appearance energy is defined as the experimentally accessible minimum energy value for the appearance of ionic fragments [15] . The numerical values for both the ionization and the appearance potentials for the processes discussed in this work have mainly been adopted from Refs. [8, [16] [17] [18] concerning acetylene, from Refs. [10, 19] concerning ethylene, and from the data compilation provided by NIST chemistry webbook [20] concerning propene as well as some specific dissociation channels concerning the former two hydrocarbons. In specific cases no experimental values for the threshold energy E th have been available. The choice of E th concerning such cases will be discussed when discussing the cross section fits for the corresponding processes in
Secs. III A-III C.
III. RESULTS

A. Acetylene
Ionization cross section fits for the following electron-impact ionization processes of acetylene, revealed by the measurements of Feil et al. [8] , have been generated:
→ CH
where the dots designate the sum of all possible dissociation sub channels. Since it is only possible to distinguish product ions with a mass spectrometer with respect to their mass to charge ratio, in a first step a cross section for the sum of processes (2e,2g) has been measured by Feil et al. [8] , because both C 2 H
2+ 2
and CH + have mass to charge ratio of 13
Thompson. In a second step cross sections differential with respect to ion kinetic energy have been determined. These yield cross sections for fragment ions with low initial kinetic energy (< 0.5eV ) and high initial kinetic energy (0.55 − 10eV ). As ionization of C 2 H 2 resulting in
does not change the momentum of the product ion, the low kinetic energy part has been assigned to the formation of C 2 H 2+ 2 , whereas the high energy part has been assigned to the production of CH + fragments [8] . In addition, also the threshold of the low kinetic energy cross section has been observed to be about 36eV which corresponds nicely with the ionization energy of 13 C 12 CH 2+ 2 , which has been determined separately [8] . The fitting coefficients A j , according to Eq. (1) as well as the threshold energies E th for the cross section fits for the processes listed above are given in table I.
The results of the experiments on acetylene contain new data of one process which has not been included into HYDKIN so far, which is process 2f. However, the magnitude of that cross section is small (∼ 2.7 · 10 −18 cm 2 at maximum). The other new cross section fits have been compared to those available in the HYDKIN database by calculating the normalized 
1.14000E+01 [6, 20] root mean square deviation, d, for the entire (E th < E < 1000eV ), low (E th < E < 100eV ) and high energy range (100eV < E < 1000eV ). In addition, the deviation of the maximum values of the cross section fits relative to the corresponding HYDKIN curves, ∆σ max = Most interesting is the energy behaviour of the cross section for process (2g) which differs in many aspects from the corresponding one provided by HYDKIN. The new data fit for this process and the result from HYDKIN is shown in Fig. 1 . Comparing the magnitude of both cross section data fits a difference of 200% can be observed near the maxima. Moreover, the maximum of the new data fit is located at about 50eV lower energy, leading thereby to a much steeper increase of the cross section right after the energy threshold. The most unexpected feature of process (2g) is its steep decrease after the maximum, affecting also the assumption of approximately constant branching ratios, which will be discussed in more detail in Sec. III D. However, it might be interesting to note that the new cross section fit for the sum of processes (2e,2g) accords to that one given by HYDKIN rather well within 20%, indicating thereby that the measurements of Feil et al. are in accordance with earlier cross section experiments for the m/z = 13 Thompson dissociation channel, but the contribution of the two underlying processes determined by using cross sections differential to ion kinetic energy is different than expected.
B. Ethylene
Ionization cross section data fits for the following electron-impact processes of ethylene, obtained by the measurements of Endstrasser et al. [9] , have been generated by making use of Eq. 1:
where F denotes some unspecified neutral fragments and F + some unspecified fragment ions, and the dots again designate the sum of all possible dissociation sub channels. The fitting coefficients (together with threshold energies) for the cross section fits according to the processes listed above are given in table III. The threshold energies for processes (3m,3n)
have been estimated during the fitting procedure, because no appropriate experimental values have been found.
The cross sections for processes (3g-3i) have been determined after subtracting the contributions from the ionization channels containing
with m/z = 14 for the CH + 2 product ion channels and the contributions from the
2 channels with m/z = 13 for the CH + product ion channel, since it is only possible to distinguish product ions with respect to their mass to charge ratio with a mass spectrometer. In the former case, the contribution has been estimated to be about 12% of the total m/z = 14 product ion channel, and in the latter case to be about 11% of the total m/z = 13 product ion channel, see also Ref. [9] . A distinction between processes (3g,3h) which contain the same fragment ion CH + 2 has been possible by making use of the corresponding cross sections differential to initial ion kinetic energy given in Ref. [9] . Therein the quasithermal part (< 0.5eV ) of the cross section has been assigned to direct dissociative ionization, i.e. process (3g), and the high energy and dominating part of the cross section to process (3h). The latter is expected to be most likely produced via Coulomb explosion of the doubly charged parent ion [9] :
where F + denotes a set of fragments with one of them being ionized, e.g.
For process (3k) it has been necessary to increase the number of fitting coefficients to N = 8 to obtain a physically well behaving fit. However, the near threshold behaviour of this cross section fit is untypical as well as the cross section fit of process (3l), see figure 2. This might be an indication that these cross sections are superpositions of two distinct cross sections for different processes with completely different threshold energies. Possible processes are direct dissociative ionization with fragment ion H As for the previously discussed molecule acetylene, also for ethylene the cross section fits for (dissociative) ionization have been compared to earlier data compiled by HYDKIN. The [21] .
1.05100E+01 [6, 20] 1.55251E+00 -1.42571E+00 3.33972E-01 1.92836E-01 -3.85851E+00 2.77265E+00
1.30900E+01 [6, 20] The comparison of the remaining set of new cross section data fits for ethylene with counterparts compiled by HYDKIN has shown much more significant deviations as for the case acetylene. Only the cross section fits for processes (3b,3c) accord to their counterparts is shown too (crosses).
TABLE IV. Accordance of present cross section fits with those provided by HYDKIN for the case of ethylene. Dissociation channels are indicated by product ions (i.e. no distinction between different dissociation subchannels wrt to neutral fragmentation; if the HYDKIN cross section belongs to a specific dissociation subchannel, the neutral fragments are given in parenthesis). provided by HYDKIN in the high energy range 100eV < E < 1keV within the estimated experimental error of about 15%. The deviations at low energies range from ∼ 30% up to ∼ 350%, with exception of the two above mentioned processes not quite different from the range of the deviations at high energies. One might argue that the cross section fits provided by HYDKIN are only given for distinct dissociation channels and a comparison to total ones (with respect to neutral fragmentation) neglects the contribution of other possible channels, but since most of the present (total) cross sections are actually smaller than the (partial) ones from HYDKIN this cannot be a sufficient explanation for all the deviations.
However, most of the differences are still within 100%, with exception of processes (3i,3j), which are about a factor of 3 and 4, respectively, larger compared to the HYDKIN curves.
The magnitude of these processes is larger than their counterparts in HYDKIN. This is also the case for process (3e), which is about a factor of ∼ 1.5 − 2 larger than its counterpart in HYDKIN. Among these three processes no other process with that property has been found.
Possible reasons for the large deviations in contrast to the former case of acetylene could be due to the fact that the cross sections provided by HYDKIN for ethylene are based on experimental data only at two energies (75eV and 3.5MeV) [4] .
It might also be interesting to note that the present cross sections maxima are all shifted to lower energies compared to HYDKIN, indicating thereby a steeper increase right beyond the energy threshold. These shifts range from very small values of about 2eV up to ∼50eV.
Since cross section fits for processes (3h,3k-3n) have so far not been available in HYDKIN they do not occur in table IV. It is noted here that these cross sections are rather small compared to the dominating ones, as is the case for process (2d) occuring in the catabolism of acetylene.
C. Propene
Ionization cross section data fits for the following electron-impact processes of propene, obtained by the measurements of Feil et al. [10] , have been generated:
where F again denotes some unspecified fragments, F + some unspecified fragment ions, F + some highly excited unspecified fragment ions, and the dots have the same interpretation as in the previous sections. The final fitting coefficients are summarized in table V.
Cross section fits for the processes (5e-5p) have been obtained by analyzing the numerous cross sections differential to initial ion kinetic energy measured in Ref. [10] . Within this family of cross sections there exist many where the threshold energies appear to be too large to assign it to direct dissociative ionization. For this reason, Coulomb explosion of doubly charged intermediate ions might be a more reasonable assumption for explaining the high threshold energies. Since the measured cross sections are total ones with respect to neutral fragmentation channels, a further specification of F and F would be highly speculative at this stage. However, it has been possible to distinguish between direct dissociative ionization and Coulomb explosion channels in the cases of processes (5e,5k-5n). For processes (5g-5j,5o,5p) the threshold energies of both dissociation channels are in range of Coulomb explosion channels, but the appropriate differential cross sections have shown a contribution of distinct fragmentation channels, which is indicated by the distinction between F and F .
With exception of process (5m) the threshold energies for processes (5f-5q) have been estimated during the fitting procedure, because no appropriate experimental values have been found. The numerical values for all threshold energies are given in Table V . In figure 3 an example for the significant role of Coulomb explosion is shown: In case of ionization of C 3 H 6 leading to the product ion CH + 2 the Coulomb explosion channel is actually the dominating one, i.e. at higher energies (at least greater than ∼ 50eV ) the probability that CH 2 originates from electron-impact ionization via Coulomb explosion is much enhanced relative to direct dissociative ionization with CH TABLE VI. Accordance of present cross section fits with those provided by HYDKIN for the case of propene: The appropriate processes are indicated by product ions (i.e. no distinction between different dissociation subchannels wrt to neutrals; if the HYDKIN cross section belongs to a specific dissociation channel, the neutral fragments are given in parenthesis). the magnitude of the cross section is significantly smaller. As it has already been mentioned in the case of acetylene, these deviations would be smaller if no distinction between direct dissociative ionization and fragmentation due to Coulomb explosion was possible. Then, the sum of these different processes would be assigned to direct dissociative ionization. One can therefore conclude that the process of Coulomb explosion has a more important role than expected, especially for higher hydrocarbons.
This statement is also confirmed by the numerous processes listed in the previous sections that have been allocated to such processes due to their high energy thresholds. However, this effect of doubly charged intermediate ions makes the situation more complex concerning the assignment of cross sections to distinct fragmentation channels.
As a secondary remark it is noted that as in the case of ethylene, it has been observed that all of the cross sections maxima are shifted to lower energies compared to HYDKIN cross sections, and indicate therefore again a steeper increase right beyond the threshold.
D. Branching ratios
An ingredient for the assembly of the cross section database HYDKIN has been the assumption of (approximately) energy invariant branching ratios for multichannel processes in the energy region above 20−30eV [4] .For (dissociative) ionization processes going through a dipole allowed transition the energy invariance is based on the Born-Bethe behaviour of the cross section for large energies. Only in those cases when (dissociative) ionization proceeds by a different (non-dipole allowed) transition, e.g. a Coulomb explosion, then the typical ln(cE)/E behaviour at high energies cannot be taken. An investigation of the energy dependence of the branching ratios based on the recent experimental data could thus illuminate the underlying dissociation mechanisms. The branching ratios R j (E) are defined, see Ref. [4] , to
where the j-th ionization channel is indicated by the product ion C x H q y , σ tot CxHy (E) denotes the total ionization cross section for the parent molecule C x H y , σ part C x H q y (E) the partial ionization cross section according to the process e + C x H y → C x H q y + . . . , and q denotes the charge state of the product ion, i.e. here q = +, 2+. Obviously, x ≤ x and y ≤ y. As the recent measurements have not been sensitive to distinguish fragmentation channels with respect to neutrals, the specification of the reaction channel with respect to product ions is sufficient.
For acetylene seven distinct reaction channels have been measured and data fits have been generated. Dividing these by the total ionization cross section, i.e. the sum of partial ones, seven branching ratios have been determined and compared to appropriate counterparts in HYDKIN. It is interesting to note that both, present branching ratios and those ob- In order to derive quantitative criteria for an approximation of constant branching ratios to be reasonable, the maximum deviations, δ max , from the mean values of the branching ratios, < R j >, have been calculated according to
where j indicates again the reaction channel, E max = 10keV , E min = E th,max + ∆E ∈ appears that the assumption of energy invariant branching ratios would cause less failure (if the cross sections would be unknown and instead computed by applying scaling laws to known ones) in case of the dominant ones than in case of the subdominant ones. This is supported also by the analysis for acetylene, where the ionization is mostly dominated by only two reaction channels, namely the C 2 H + 2 , C 2 H + channels, which add up to more than 90% of the total cross section at almost all energies.In view of underlying dissociation mechanisms, one might conclude that the dominating reaction channels are mainly given by dipole allowed transitions, whereas the stronger variation of the branching ratio with energy in case of subdominant reaction channels indicates greater involvement of alternative (non-dipole allowed) dissociation mechanisms.
Also interesting to note is the fact that the recent measurements for (dissociative) ionization of ethylene show a different ordering of contributing reaction channels with respect to the magnitude of the appropriate branching ratio compared to the ordering of cross sections given by HYDKIN. In the latter case the ordering is as follows, beginning with the largest contributing reaction channel:
Instead of this ordering the recent measurements yield the following:
, where it has to be mentioned that the contribution of the C 2 H However, the ordering of the three most dominating reaction channels has been untouched below 1keV , although their contribution to the total cross section is partitioned in another way. Noting that they add up to almost 90% of the total cross section, the changes of ordering and magnitude of the other channels are just small modifications on the scale of the total cross section.
An analogous analysis of the branching ratios for the 11 reaction channels, distinguished by product ions, measured for propene has been made. Beside the fact that the determined branching ratios for the
viations from the mean of branching ratios (in a range of 35 − 154%), the six remaining channels (containing the dominating ones) have only a rather small deviation, δ max < 23%.
A smaller deviation from the mean of branching ratios has been found for the dominating reaction channels in cases of acetylene and ethylene and this holds also for the dominating reaction channels in the case of propene.
However, the magnitudes as well as the ordering of the branching ratios differ quite strongly 
channels contribute almost equally to the total cross section, the C + , C 2 H + channels interchange their position for energies above ∼ 2.5keV , and the
channels have been added due to the peaks at m/z = 38, 37, 28 Thompson, respectively, in the mass spectrum recorded at an electron energy of 100eV by Feil et al [10] . However, there have been reported no cross sections for these values of m/z and their contribution has been estimated to be ∼ 10 − 20% to the total cross section.
Comparison of these ordered sets and analysis of magnitudes of the branching ratios yields that the differences in magnitude and ordering of the contributing reaction channels to ionization of propene between present reaction channels and HYDKIN ones can be summarized in the following:
(a) The ordering of the C 3 H y , y ∈ {3, 4, 5, 6} (and most dominating) channels yields enhanced contribution for odd y compared to the HYDKIN ordering from y = 6 counting straight down to y = 3. Indeed, the contribution of the C 3 H + 5 channel is the largest, quite two times that of the C 3 H For acetylene, rather good accordance is found in view of the dominating reaction channels, and larger deviations in case of sub dominating channels. One new cross section fit, i.e. one which has not been included in the database so far, for the (CH and C 2 H 2+ channels.
The largest differences between present and earlier cross section fits have occured in case of propene. While the parent ion channel does not deviate much from the counterpart in HYDKIN (within 34%), the C 3 H + 5 and C 3 H + 3 channels yield a totally different behaviour. While the former is actually the most dominating reaction channel, the latter is almost as large in magnitude as the parent ion channel. This reflects a totally different ordering of dominating reaction channels in the case of propene, which applies also to the sub dominating channels. Numerous new cross section fits without appropriate counterpart in the HYDKIN database have been generated, but lack in information of specified fragments.
The energy dependence of branching ratios has been investigated, and the (pre-)assumption of energy invariance has been found to be well based for dominating reaction channels within an accuracy of about 20%, and to be worse based for subdominating channels, where variations of branching ratios up to factors of 6 have been observed. Therefore, dipole allowed transitions remain the major underlying mechanisms for dissociative ionization of the three hydrocarbons under consideration, but especially for sub dominating reaction channels alternative non-dipole allowed transitions might have a more significant influence than expected from earlier data. This might be especially important when constructing cross sections for which no experimental data exists. However, the pre-assumption of energy invariant branching ratios has proven to be at least sufficient to produce cross sections in the right order of magnitude.
On balance, it can be concluded that the differences between present data fits and earlier data summarized in HYDKIN cross sections may lead only to small modifications of the database, since the differences are rather small on the scale of total ionization cross sections.
How sensitive simulations might be due to such small changes, could be shown by some sensitivity analysis proposed in Ref. [22] , for which HYDKIN also provides the necessary tools.
This work shall be concluded with some general remarks. Firstly, the HYDKIN database as well as the analyzed experiments are based on hydrocarbons consisting of hydrogen, obviously dedicating their relevance to hydrogen plasmas. It remains questionable if such databases and results are applicable also to hydrocarbons consisting of hydrogen isotopes.
Secondly, cross section experiments as well as calculations are done usually for room temperature. However, it has been shown that at least for the energy threshold of electron-impact ionization there exist both, temperature and isotope effects [23] . Since the energy threshold plays a crucial role for the energy behaviour of cross sections, also these two effects might lead to further modifications and corrections of the relevant databases for magnetic confinement fusion.
